Introduction
Investigation of the axial fan geometries, their in built and operating characteristics, and turbulent swirl flow generated following the axial fan impeller have been occupying researchers attention for years. Though most of the operating characteristics have been cleared out, still fundaments of the generated swirl fluid phenomena stay undiscovered. Focus of this paper is on this very complex physical phenomenon and recent techniques in modeling modern blade geometries and revealing existing ones.
Originally designed and manufactured axial fan, by Protić † ( fig. 1 .), draw attention as it has good operating characteristics, interesting complex geometry and it was designed after the law rW=const. This geometry was a test example for beta version software for modeling axial turbomachines, based on modified classical calculation. Revealing of this geometry was done in few steps. First was laser 3D scanning with model ZScanner 700, followed by modeling in software CATIA. In the next step scanned and refined geometry was compared to the axial fan generated in the new software.
Here are also presented results of testing the defined axial fan. Operating characteristics were obtained on the standardized test rig in the Laboratory for Hydraulic Machinery and Energy Systems, Faculty of Mechanical Engineering, University of Belgrade. As fan was designed to work with outlet vanes it was tested in work with them. Three types of outlet vanes were tested in combination with three impeller blade angles (β R ) 22º, 26º and 30º, providing nine different combinations. Optimum fan blade position and stay vane type was determined on the basis of these results.
The third part of this work was investigation of the turbulent swirl flow phenomena behind the axial fan, of course without outlet vanes, but in the preserved optimum blade position which was β R =26º. Turbulent swirl flow fields were generated for various rotational speeds varied in the range from 500 till 2500rpm. Reynolds numbers, generated in this way, calculated for the axial velocity component, were in the range from 0,8·10 5 till 6·10 5 . LDA (Laser Doppler Anemometry) measurements and stereo PIV (Particle Image Velocimetry) measurements of the 3D velocity field in the swirl turbulent fluid flow behind the axial fan have been performed for each regime.
Various authors studied problem of swirl turbulent flows and formed, unofficially called, Belgrade school of turbulent swirl flows. Problem of defining dead water radius in swirl turbulent flow in straight circular pipes was studied by Protić [1] . Pressure and velocity fields, in order to study the turbulent swirl flow field, have been obtained with classical probes in various measuring sections along the test rig [2, 3] . Turbulent swirl flow field was also detailed investigated, by use of hot-wire anemometry, in works [4, 5] . Many other authors with their significant papers left trace in this investigation [6, 7] .
All these results point out extraordinary complexity of the structure of generated three dimensional turbulent velocity fields.
3D scanning and modeling

3D scanning and reverse engineering
Axial fan real geometry was captured by use of mobile scanner type ZScanner 700, manufacturer Z Corporation. It has XY accuracy of up to 50 microns, resolution 0.1 mm in Z direction, sampling speed is 18000 measurements/second, exported file formats are .stl and .txt and others. These exported file formats are very suitable for importing into CATIA software.
Randomly placed reflective registration targets are distributed all over the scanned blade. First the scanner is calibrated. On the basis of three scanned markers software recognizes surface. By moving scanner over the surface, other surfaces have been recognized. Polygon mesh of the scanned object is formed in the real time ( fig. 2a) Hub geometry was scanned by use of specially designed mechanical device. Afterwards scanned impeller blade and hub were assembled in CATIA software ( fig. 2b) . External diameter of an axial rotor is 0.398m, while dimensionless ratio of hub and external diameter is 0.5. Impeller has nine blades. It is a variable pitch fan. It is possible now to verify the blade angle position in real and virtual model and always to have control parameters for adjusting appropriate blade angle ( fig. 3a and b) . It is possible with two points on leading and trailing edge of the profile at the external diameter ( fig. 3b) . It is also possible to control some other geometry relations, like cylindrical cuts on characteristic diameters for controlling profiles distribution along the blade.
3D axial turbomachine modeling software
There are various methods for designing axial turbomachines. Developed 3D axial turbomachines modeling software is based on the modified Weinig-Eckert method, introduced by Protić † . Design of the axial turbomachines depends much on the way in which 4 it will be built in for use. Project parameters depend on what is behind the axial fan impeller like outlet vanes, diffuser, elbow, combination of all of them and etc. Software is based on the optimum correlation between the fan geometry and the optimum coefficients. Some conditions should be fulfilled for specific dimensionless characteristics.
Optimal empirical relation between volume coefficient and pressure coefficient is introduced by Strscheletzky [8] [9] [10] (fig. 4) . Selection of the smallest hub diameter of axial flow fans is based on these relations. Two equations are defined, for restricted and axially unrestricted swirl flow. The discussed fan was designed to work with outlet vanes what is the case of axially restricted swirl flow.
Coefficients for characterization of each hydraulic element are introduced in order to attain maximum energy efficiency coefficient. On the basis of the performed investigations losses in the impeller, stay vane, diffuser and etc. are determined [10] . In this way optimal calculation procedure is obtained.
Calculation of the flow kinematics is based on the uniform inflow and on the law of free swirl rW=const. This law was proved by measurements with classical probes and LDA measurements behind the axial fan impeller.
Algorithm based on the optimum calculation procedure was programmed in MatLAB with data exporting to .xls format and afterwards importing to CATIA software where the 3D model was formed.
Software will enable choosing of various families of airfoils in cylindrical sections along the blade, as well as appropriate coefficients. Advanced tools, based on mathematically defined criteria, enable smooth surface shaping.
In fig. 5a four characteristic profiles along the blade axis are shown. Profile overlapping is also checked (fig. 5b ). One should be very careful when comparing these two blades as the scanned blade is not result of CNC machining, but hand machined casted model. The second one is precisely computer modeled blade.
The software is also tested in work with axial pumps where also provided good results and it is accepted as a technical solution. 
Axial fan operating characteristics
Axial fan operating characteristics were measured on the standardized test rig (ISO 5801) in the Laboratory for Hydraulic Machinery and Energy Systems, Faculty of Mechanical Engineering, University of Belgrade ( fig. 6 .).
Figure 6. Standardized test rig (ISO 5801) (1)-volume flow rate regulation and outlet, (2)-nozzle for volume flow rate measurement,(3)-closed chamber, (4)-profiled free bell-mouth inlet,(5)-tested axial fan
impeller.
There are few standardized ways to experimentally determine operating characteristics of the axial fans. Here is presented an installation where the axial fan was tested with outlet vanes, in the formation free inlet and free outlet. The installation is shown with motor carrier made of steel profiles, while soon after these experiments concrete one was installed for solving vibrations problem. If necessary, for wider range of operating characteristics, additional axial fans are installed.
This axial fan was tested for constant rotational speed n=1850rpm and for various impeller blade angles β R = 22º, 26º and 30º and for three types of outlet vanes. Here are presented results only for one, first type of outlet vanes, which made the optimum combination ( fig. 7.) . Optimum blade impeller position was determined on the basis of these results.
. 
PIV and LDA measurements of the turbulent swirl flow field
Axial fan was, afterwards, positioned in a straight circular pipe for investigating swirl turbulent flow behind it ( fig. 8.) . Pipe has inner diameter D=0.4m. It has two transparent sections, one, at the inlet, 1.5m long, and one at the outlet 1.38m long. Two plastic, nontransparent, pipe sections are 4m each long. Therefore, total length of the installation is L=27.2·D. Test rig configuration can be varied depending on the measurements needs. Fan blade angle was in the optimum position in combination with outlet vanes (β R =26º). Fan rotation speed was regulated by a fully automated thyristor bridge with error up to ±0.5rpm. The fan shaft speed has been measured by photo cell. Axial fan has DC electric motor, with 5kW power.
PIV measurements
Some stereo PIV measurements were previously performed and discussed in papers [11, 12] . Correlation functions, probability distributions and statistical moments of the higher order, which are determined experimentally by the use of hot-wire anemometry, together with PIV results, point out, very specific phenomena and transport processes in the core region and turbulent shear flow in pipe swirl flow [11] .
PIV measurements were performed in the section L=25.75·D in the middle of the pipe cross section, region 100x120mm. A commercially available Stereoscopic PIV system manufactured by TSI Inc (Shoreview, USA) has been used for flow visualizations and the extraction of velocity fields. The system consists of a 15Hz dual Nd:Yag laser (New Wave Research, Solo PIV, max power: 30mJ/pulse, wavelength 532nm), synchronization unit, proper optics for the formation of the planar light sheet, two 12-bit CCD cameras with resolution of 1660x1200 pixels and the TSI Insight 3G processing software. On the Nd:Yag laser was mounted cylindrical lens with focal length of -15mm and one spherical lens with focal length 500mm.
Stereo PIV measurements were conducted in pipe's cross-section, i.e. x-y plane ( fig. 9.) for different shaft speed rotations that span the range of 500 to 2500rpm. In fig. 9 . is presented a stereo PIV configuration with two CCD cameras. They have to, together with laser sheet, obey Scheimpflug principle.
Measuring section can be, with PIV system, illuminated by a thin laser sheet (~1mm in width) while the scattered light is captured by CCD camera. The CCD cameras are synchronized with pulses for the two lasers and the timing between the two laser flashes is varied depending on the flow velocity. The fluid flow is seeded with olive oil drops, of an average diameter of 0.6m and a reflection coefficient 1.47, generated by six-jet atomizer positioned at the axial fan free inlet. The vector fields (shown in the results section) have been determined using TSI INSIGHT 3G PIV processing software which implements different processing schemes. For the measurements taken in the cross-section plane x-y plane ( fig. 9 .) the Central Difference Image Correction (CDIC) deformation algorithm [13] combined with the Hart correlation [14] method was used ( fig. 10.) . This four-pass method employed an interrogation region of 2 
32px
 with 75% overlap (final size). The vector fields were validated using standard velocity range criteria and a 3x3 local median filter. Finally, any missing vectors were interpolated using a 3x3 local mean technique. The number of spurious vectors was, in average, less than 6%. The processing algorithm maintains a spatial displacement accuracy of less than approximately 0.1 px, so that the spatial displacement error is on the order of less than 2.5% for a particle displacement of four pixels. The error associated with temporal variations in the laser pulse synchronization due to the jitter of the electronics is negligible since it is several orders of magnitude smaller [15] . Results for the swirl flow generated by axial fan are presented in fig. 11 . These PIV images have been obtained by averaging 300 pictures obtained in a sequence with maximum laser working frequency 14.5 Hz for various rotational speeds. It is obvious that the averaged speed is changed by varying fan rotational speed as the volume flow rate is changed. Averaged position of the vortex core is also changed by varying rotational speed, but much less than in the case of some other tested fans. Obtained 
LDA measurements
LDA measurements were performed along the vertical diameter in section L=3·D in points on 10mm distance each. First two points, on 10mm distance from the inner wall, are omitted. Corrections for LDA measurements, considering wall curvature, are also calculated.
Commercially laser anemometer equipment available was used. It was Dantec model FlowExplorer Mini LDA with BSA F30 signal processor model with measurement distance at 285mm, power 35mW, measurement volume diameter 0.1mm, measurement volume length 1mm and maximum velocity 27m/s. Laser has great flexibility thanks to its size 98x98x396mm, weight of 5kg and compactness. It works in backscattered mode. Unfortunately, available system was one-component and all three velocity components had to be measured separately. Velocity is measured with uncertainty lower than 0.1%. Traverses were designed to measure them in the same points. In fig. 12 . are presented test rigs for measuring all three velocity components. Tracers were obtained from modified fog generator Hurricane 1700, Chauvet and system of plastic pipes for accumulation and fog distribution ( fig. 12.b) . This was the way to obtain enough tracers for needed sampling rate of more then 6kHz. It was possible to obtain, in some positions, more then 11kHz. With six-jet atomizer only few kHz was maximum. Used fluid was eucalyptus extract.
Distribution of only time averaged values of axial and circumferential velocity components for all five regimes are presented in the following figures respectively ( fig. 13 . and 14.). Axial components have expected distribution, just a little displaced from the center. Circumferential components are distributed by the law rW=const., what was the law for axial fan design.
Symmetrical distribution of the radial component, for example rotational speed n=1000rpm, shows fan's very good ability to work energy efficiently ( fig. 15.) . It is evident that radial velocity component has great values only for core region. Turbulent swirl flows are very specific phenomena in complex and intensive transport processes especially in the core region and turbulent shear flow.
Conclusion
An axial fan designing and turbulent swirl flow phenomenon occupies attention of many researchers in scientific laboratories and industry, as it has significant influence on fluid transport processes, energy efficiency and etc.
It is demonstrated how modern scanning techniques and software skills, coupled together, offer good results and flexibility in optimal designing process.
Swirl flows are very dominant in applied technical problems, especially in hydraulic machinery. Their prediction requires rather sophisticated modeling. Physical understanding of this phenomenon would enlighten many unsolved problems and help developing new turbulent numerical models for CFD analysis.
The purpose of reported PIV and LDA measurements is to document swirl flow field and its vortex core kinematics at different volume flow rates, i.e. various Reynolds numbers and swirl intensities. Velocity magnitude of total velocity and each component separately are documented. The gradient of radial velocity component is evident.
In the planned future research impeller blade angles will be changed and some commercial axial fans will be introduced. Measurements were made in a pipe cross-section and for future ones in a meridian section (plane z-y, fig. 9 .). Discussion of statistical values, based on LDA measurements, will be implemented in the future papers.
Obtained qualitative and quantitative visualization and measurement results give closer insight into physics of complex flow processes in the swirl flow. Performed and planned investigations will make possible, not just testing, but also development of the new models for this class of very complex turbulent fluid flows. It is expected that results would reveal precession and kinematics of the swirl flow core.
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